Abstract This study evaluated the step length-frequency relationship in physically active community-dwelling older women in order to investigate whether the relationship between these two spatio-temporal gait parameters changes with increasing age. Forty older women in four age groups, i.e. 64-69, 70-74, 75-79 and 80-85 year olds, participated in the study. Subjects walked at Wve diVerent self-selected speeds and while simultaneously performing an additional cognitive and/or upper-extremity motor task. Gait parameters were determined from forward accelerations measured by a tri-axial accelerometer on the lower back. All subjects demonstrated a strong linear relationship between step length and step frequency for walking at diVerent speeds. No evidence for a change in the step length-frequency relationship with age was found, suggesting that there are no diVerences between physically active older women of diVerent age groups regarding the adoption of a "cautious gait", i.e. a gait pattern characterized by a reduced step length.
Introduction
Older people seem to walk with smaller step lengths compared to young adults (Kavanagh et al. 2004; Menz et al. 2003; Oberg et al. 1993) . A gait pattern with reduced step length has speciWcally been observed in older people with Parkinson's disease (Morris et al. 1994; Zijlstra et al. 1998) , older patients with osteo-arthritis (van den AkkerScheek et al. 2007; Hulet et al. 2000; McGibbon and Krebs 2002) and in older people with fall incidents (Richardson et al. 2005) , or fear of falling (Aizen 2001; Nutt 2001) .
A reduced step length, for a given gait speed, is often mentioned as a characteristic of "cautious gait" (Elble et al. 1992; Giladi et al. 2005; Nutt et al. 1993; Nutt 2001; Sudarsky 2006; Wall et al. 1991) . A "cautious gait", also termed "senile gait" (Bloem et al. 2000; Elble et al. 1992; Nutt et al. 1993) , can be observed in real (e.g. slippery ice) or perceived conditions of balance-control diYculty and is often interpreted as an attempt to reduce the balance-control challenge during walking. "Cautious gait" has been observed in healthy older men (Murray et al. 1969) , older people with fear of falling (Aizen 2001 ) and older people with neurological disorders, including vascular dementia, normal-pressure hydrocephalus, Alzheimer's dementia and peripheral neuropathy (Elble et al. 1991) . According to Elble et al. (1992) most of the kinematic changes that are associated with "senile gait" (e.g. increased double-limb stance, decreased maximum heel and toe displacement, reduced hip and knee rotations) are attributable to the reduced step length. Gait with reduced step length results in spending a proportionally longer time in the relatively stable periods of double-support and less in the more unstable single-support phase of the gait cycle (e.g. see Zijlstra et al. 1995 Zijlstra et al. , 1998 .
At present, it is still unclear whether aging per se may lead to a "cautious gait" type or whether other factors are the primary causes. Other factors may be the eVects of neuromusculoskeletal conditions, i.e. neurological diseases such as Parkinson's disease, impairments of the joints or injuries to the muscles, or the eVects of deconditioning. Impairments of the neuromusculoskeletal system, as well as psychological factors, may lead to a reduced level of physical activity which, by itself, may result in deconditioning and hence in altered movement patterns (Timiras 1994; Vorhies and Riley 1993) . In dissociating possible age-eVects from the eVects of impairments of the neuromusculoskeletal system or deconditioning, it is important to know whether or not aging per se aVects gait. Gait was therefore investigated in a sample of physically active community-dwelling older women. A population of women was chosen since women make up the larger part of the older population, and since women are nearly three times more likely than men to be hospitalized for a fall-related injury (Alexander et al. 1992) .
In order to investigate whether aging has an eVect on step length, the present study speciWcally focused on the relationship between step length and step frequency during walking at diVerent speeds. As well as under undisturbed walking conditions, an alteration in the step length-frequency relationship may occur under conditions in which an additional task has to be simultaneously performed during walking. Some older people show optimal performance under undisturbed walking conditions, yet demonstrate abnormal gait under multiple-task conditions (Woollacott and Shumway-Cook 2002 ). An explanation may be that walking is attention demanding and that the attention demands increase with age (Woollacott and ShumwayCook 2002) . Walking under optimal conditions requires minimal attention. The attention requirements increase when additional tasks have to be performed simultaneously during walking. When walking is performed non-automatically, limited attention resources have to be divided between tasks. Gait changes under multiple-task conditions may therefore be the result of allocating insuYcient attention resources to the walking task while prioritising performance on the additional task.
The relationship between step length and step frequency was investigated during undisturbed walking at diVerent walking speeds as well as during walking while performing a simultaneous cognitive or upper-extremity motor task. It was expected that older women of diVerent ages diVer in the step length-frequency relationship.
Methods

Subjects
Subjects were recruited from recreative sports groups that aim to stimulate physical activities in older communitydwelling people. Subjects, who were not able to walk without a walking aid, e.g. cane or rolling walker, were excluded from participation, as well as subjects who had neuromusculoskeletal conditions that severely aVect mobility.
After inclusion, each subject Wlled in a questionnaire in which details were obtained on health status, performance of functional tasks, experience of pain during mobilityrelated tasks, participation in recreational physical activities, history of falls during the last year, and the use of orthopedic footwear and walking aids during every day walking. In addition, subjects were asked whether they could hear properly without a hearing aid and in case of a negative answer they were asked whether they could hear properly with their hearing aid. The same was asked regarding vision and the use of glasses. Measurements of body mass, body height and leg length were made with subjects wearing their shoes. Leg length was measured as the distance between the anterior superior iliac spine (ASIS) and the Xoor. The local Ethics Committee approved of the study and subjects gave their written informed consent prior to participation.
Forty physically active community-dwelling older women in four age groups, i.e. 64-69, 70-74, 75-79 and 80-85 year olds, were included in the study. In each age group, ten subjects participated. Descriptive characteristics of the subjects are presented in Table 1 . All subjects indicated that they could carry out diVerent functional tasks, such as shopping, walking the stairs and domestic work. Thirty-one subjects indicated they could easily walk more than one kilometer and the other nine subjects mentioned they could walk more than 500 m. None of the subjects reported experiencing signiWcant pain during performance of mobility-related tasks. Most subjects participated in more than one recreational physical activity, e.g. walking, cycling, swimming, gymnastics. Four subjects reported two or more falls and six subjects reported one fall in the previous year. One subject used a cane and another subject used a rolling walker during every day walking. All subjects had adequate vision and sense of hearing, with or without glasses and/or hearing aid.
Protocol
Subjects walked back and forth along a corridor in a public building. During a single walk, they walked 30 m, encircled a pylon and walked back to the starting point. Subjects walked wearing their regular shoes and wearing their usual clothing. Measurements were made without the use of a walking aid. Prior to the measurements, subjects were instructed not to make remarks or start a conversation during walking. Gait was measured at Wve diVerent walking speeds. Speed instructions included walking on a "preferred", "slow" or "even slower", "fast" or "even faster" speed. The subjects performed two walks at the preferred speed and one walk for all remaining speeds. After walking at diVerent speeds, subjects walked successively at a "preferred" and "fast" speed while simultaneously performing an additional cognitive task. Finally, subjects walked at a "preferred" speed while carrying, with both hands, a tray with a glass of water. The tray task was performed once without presenting the cognitive task and once while subjects simultaneously performed the cognitive task. Subjects were instructed not to spill any water. An auditive version of the Stroop task was used as cognitive task. The task consisted of presenting the words "high" and "low" randomly at a high or low tonal frequency with intervals of 2-s. Subjects had to respond verbally whether the words were pronounced at a high or low tone. To be able to compare multiple task performance with baseline performance, the cognitive task was Wrst performed while sitting.
Data acquisition
A tri-axial accelerometer (DynaPort MiniMod, McRoberts BV, The Hague, The Netherlands) was used to measure pelvic accelerations. The accelerometer was placed at the lower back of the subject with the center approximately at the level of the second sacral vertebrae. Size and mass of the sensor were 6.4 cm £ 6.2 cm £ 1.4 cm, and 75 g. The sensor was operated with a remote control, and data were stored locally on a secure digital (SD) memory card. Measurements were made with a sample rate of 100 Hz. During performance of the cognitive task, an additional observer recorded the given answers.
Data analyses
The middle 25 m of straight line walking during back and forth trajectories was used for an analysis of steady state walking (Lindemann et al. 2008) . Mean walking speed was calculated for each of the 12 trajectories and was based on the distance and duration of a trajectory. Stride cycles were selected based on instants of foot contacts as determined from forward pelvic accelerations (Zijlstra 2004 ). Mean step length, mean step frequency and mean length/frequency-ratio (step length/step frequency-ratio) were calculated for each trajectory. Group means of walking speed, step length and frequency and length/frequency-ratio were determined using all available data. An individual linear regression equation between step length and step frequency was determined for each included subject. The individual regression equations were calculated using data of both forth and back trajectories of the 6 walks at the diVerent walking speeds. Performance on the auditive Stroop task was indicated as a percentage of wrong answers. For each of the four gait parameters, the value determined for the multiple walking task (i.e. walking at preferred or fast speed with Stroop task, or walking with tray and Stroop task) was calculated as a percentage of the value determined for undisturbed walking. Also, the diVerence in percentage wrong answers on the Stroop task between when sitting and when performing the multiple walking task was calculated. To assess the multiple task interference eVect on both walking performance and Stroop task performance, total scores of multiple task performance were determined by adding the percentage calculated for one of the gait parameters to the percentage calculated for the Stroop task.
Statistical analyses
Paired t-tests were performed to determine whether signiWcant diVerences existed between back and forth trajectories in walking speed, step frequency, step length and linear regression equation variables. In addition, Pearson's correlation coeYcients between back and forth trajectories were calculated. One-way analyses of variance (One-Way ANOVA's) and Kruskal-Wallis tests were used to investigate whether main eVects of age group existed. Subsequently, Bonferonni multiple comparisons tests were used to identify which pairs of age groups diVered. Correlations with age were investigated by calculating Pearson's correlation coeYcients. Paired t-tests were performed to determine whether signiWcant diVerences existed between undisturbed walking and walking while simultaneously performing additional tasks. Subjects who reported one or more falls during the last year were age-matched to subjects who did not report falls, and diVerences between the two groups were investigated using Mann-Whitney tests. Mann-Whitney tests were performed for body weight and height, leg length, walking speed, step frequency and length, length-frequency ratio, linear regression equation variables and for all parameters that were determined during walking while performing additional tasks. All analyses were performed at a signiWcance level of 0.050.
Results
No signiWcant diVerences between back and forth trajectories were found in walking speed, step frequency and step length. In addition, Pearson's correlation coeYcients between back and forth trajectories were high (i.e. >0.80). Therefore, data of both back and forth trajectories were used in the analyses.
Walking at diVerent speeds For all Wve walking speed conditions, main eVects of age group were observed for walking speed, step length and frequency (Kruskal Wallis tests, P < 0.009, Table 2 ). The post-hoc revealed that the 80-85 year olds walked with lower walking speeds compared to the other three age groups (Bonferonni, P < 0.026). In addition, the 80-85 year olds had lower step lengths compared to the other three age groups for walking at a slow, preferred, fast and even faster speed (Bonferonni, P < 0.005). For walking at the slowest speed condition, the 80-85 year olds had lower step lengths compared to only the 70-74 and 75-79 year olds (Bonferonni, P < 0.003).
Step frequencies were lower for the 80-85 year olds compared to the other three age groups for walking at a preferred, fast and even faster speed (Bonferonni, P < 0.049). For walking at a slow and even slower speed, the 80-85 year olds had lower step frequencies compared to only the 64-69 and 70-74 year olds (Bonferonni, P < 0.007). Maximum and minimum values of walking speed, step frequency and step length decreased with age (see Fig. 1 ). Pearson's correlations with age were signiWcant for maximum and minimum values of walking speed and step frequency (P < 0.018), and for maximum values of step length (P = 0.003).
For the length/frequency-ratio, main eVects of age group were demonstrated for walking at a slow, even slower and preferred speed (Kruskal Wallis tests, P < 0.002, Table 2 ). The post-hoc revealed that the 75-79 year olds had larger length/frequency-ratios compared to the other three age groups (Bonferonni, P < 0.010). Pearson's correlations between length/frequency-ratio and age were not signiWcant.
Results for the regression equation variables, classiWed into four age groups, are presented in Table 3 . Within age groups, a large variation existed in the intercept of the regression equation. Some variation also existed in regression coeYcient. Mean correlation coeYcients and coeYcients of determination were high (i.e. >0.80). Main eVects of age group were observed for both the intercept and regression coeYcient (Kruskal Wallis tests, P < 0.039, Table 3 ). The post-hoc revealed that the 75-79 year olds had a larger intercept (Bonferonni, P = 0.005) and a smaller regression coeYcient (Bonferonni, P = 0.027) than the 64-69 year olds. Pearson's correlations between regression equation variables and age were not signiWcant.
Walking with additional tasks
A signiWcant diVerence between subjects with reported falls and age-matched subjects without reported falls existed in the diVerence of scores on the auditive Stroop task when sitting compared to when walking while carrying a tray with a glass of water (Mann-Whitney test, P < 0.028). In addition, a signiWcant diVerence existed in the total score of multiple task performance, with walking speed as gait parameter, during walking at a fast speed (Mann-Whitney test, P < 0.036). Table 4 shows the results for the total group of older women. The sample of older women demonstrated a signiWcantly decreased walking speed, step length and step frequency when walking at a preferred speed while simultaneously performing the Stroop task compared to undisturbed walking. In addition, the percentage of wrong answers on the Stroop task was signiWcantly higher when walking at a preferred or fast speed compared to when sitting.
Walking while carrying a tray with a glass of water resulted in a decreased step length, an increased step frequency and a decreased length/frequency-ratio compared to undisturbed walking. Walking with tray task while also performing the Stroop task resulted in a decreased walking speed, step length and length/frequency-ratio compared to undisturbed walking. In addition, subjects made signiWcantly more mistakes on the Stroop task when walking with tray task compared to when sitting.
No main eVects of age group were demonstrated for multiple task interference eVects on walking performance, Stroop task performance and on total scores of multiple task performance. A signiWcant correlation with age (P = 0.024) was found only for the interference eVect on step length when walking while performing additional tray and Stroop tasks (Pearson's correlation coeYcient = ¡0.36). 
Discussion
This study aimed to analyze whether or not older women develop a "cautious gait" type with increasing age. To separate the eVects of age per se from the eVects of severe agerelated neuromusculoskeletal conditions and/or deconditioning due to a sedentary life style, only physically active community-dwelling older women were included. Since a reduced step length is mentioned as a main characteristic of "cautious gait" (Elble et al. 1992; Giladi et al. 2005; Nutt et al. 1993; Nutt 2001; Sudarsky 2006; Wall et al. 1991) , the present study focused on age-related changes of the step length-frequency relationship during undisturbed walking at diVerent walking speeds as well as during walking while performing a simultaneous cognitive or upper-extremity motor task.
Although the results of the present study show that the observed minimum and maximum values (i.e. ranges) of walking speed, step length and step frequency decrease with increasing age, no age-eVects on the step length-frequency relationship were demonstrated. The Wndings indicate that the step length-frequency relationship was independent of age within the studied sample of physically active, community-dwelling older women, even when the older women performed additional tasks during walking. Thus, it seems that the physiological and psychological changes that are associated with aging do induce an older person to walk slower, however, they do not induce a change in the step length-frequency relationship. This implies that "cautious gait" is caused by an underlying pathology and/or by decreased physical activity. This notion is supported by Giladi et al. (2005) and Bloem et al. Table 3 Regression equation variables (mean (standard deviation) and median) that represent the linear relationship between step length (cm) and step frequency (steps/min) for walking at diVerent speeds, classiWed into four diVerent age groups a intercept, b regression coeYcient, R correlation coeYcient, R2 coeYcient of determination * SigniWcant diVerence of P < 0.050 64-69 year olds (n = 10) 70-74 year olds (n = 10) 75-79 year olds (n = 10) 80-85 year olds (n = 10) (2000) who identiWed possible disease-related causes for the adoption of a "cautious gait" pattern in groups of older patients with "senile gait" disorder. Based on their results, Giladi et al. and Bloem et al. claim that it is likely that the gait changes in older adults who walk with a "cautious gait" pattern, are a marker of underlying pathology and not a consequence of age-related processes. An unexpected result of the present study is that the group of 75-79 year olds, in comparison to the other age groups, showed larger step lengths during walking at the slowest speeds. An evaluation of anthropometric characteristics and other descriptors such as activity level and number of reported falls revealed no clear diVerences between the 75-79 year olds and the other age groups. It is therefore unclear why the 75-79 year olds showed deviating results for step length.
Contrary to the Wndings in the present study, a large scale study by Nagasaki et al. (1996) did demonstrate a relationship with age of the step length/step frequency-ratio in community-dwelling older people. During walking at a preferred and at a maximum speed, the older people in the study by Nagasaki et al. walked with steps that tended to shorten with age. The diVerence in Wndings can be explained by the diVerence in sample characteristics. Contrary to the present study, Nagasaki et al. included a random sample of people over 65 years old, not specifying whether or not subjects with neuromusculoskeletal conditions that aVect mobility were excluded. The decrease in ratio with age in the study by Nagasaki et al. may therefore have been caused by a larger proportion of subjects with pathology and/or a sedentary life style in the oldest age groups.
The inclusion criterium of participation in recreative sports groups for community-dwelling older women resulted in a group of older women who were predominantly non-frail and physically active. However, besides excluding older women who were not able to walk without walking aid and women who had neuromusculoskeletal conditions that severely aVected mobility, no further exclusion criteria were applied. Conditions that can mildly aVect mobility were not excluded since exclusion of these conditions would have resulted in a very selective group of older women, not representative of the target population of physically active community-dwelling older women. Due to the broad inclusion criteria, the studied sample included subjects with cardio-vascular and respiratory conditions, diabetes, incidental dizziness, Meniére's disease, osteoporosis and diseases of the joint(s). The eVect of these conditions on gait, however, was assumed to be minimal since all subjects indicated that they were able to carry out functional tasks in and around their homes, participated in recreational physical activity and did not experience pain during performance of mobility-related tasks. In addition, most subjects indicated that they were able to walk more than 1 km and the other subjects reported that they were able to walk more than 500 m. Sekiya et al. (1997) and Sekiya and Nagasaki (1998) determined the step length/step frequency-ratio in healthy young women with mean ages of 21 and 23 years respectively. At similar walking speeds, the length/frequencyratio of young women was systematically larger than of the older women in the present study. Thus, although no development in the step length-frequency relationship with age was demonstrated in women aged 65 or older, a diVerence in stepping patterns does exist between aged and young women. Possibly, the diVerence is caused by a reduction of lower-extremity muscle strength in older women in combination with a diVerence in physical activity that may be expected between young and older women. More data is needed to determine at which age range older women develop a decrease in step length.
Multiple task interference eVects were demonstrated for the total group of older women. The interference eVects imply that attention resources were limited in the studied group of older women and/or that the allocation of attention resources to the diVerent tasks was aVected. However, an interference eVect on the step length/step frequency-ratio existed only for task situations in which subjects carried a tray with a glass of water. During walking while simultaneously performing the auditive Stroop task, the older women merely reduced gait speed and did not reduce step length. Apparently, the physically active older women were also not inclined to adopt a "cautious gait" during walking situations with added cognitive diYculty. During walking with tray task, all subjects managed to walk back and forth without spilling any water. However, subjects did change their stepping patterns. The reduced step length that was observed during walking with tray task most likely was induced by the need to adequately perform the added motor component. By reducing step length the peak accelerations at the level of the trunk become smaller (cf. see inverted pendulum models and data as described by Zijlstra and Hof (1997) , thus decreasing the eVort to stabilize the tray.
The presented data suggest that, in the absence of severe pathological conditions or a sedentary life style, the mechanisms underlying the production of stepping patterns in older women remain unaltered with increasing age. However, more data is needed to properly address the latter issue. The data presented in this paper give a fair indication of walking patterns in physically active older Dutch women and may be used for comparing normal gait with pathological gait or gait in "frail" older women. To our knowledge, the present study is the Wrst to report data on the linear regression between step length and step frequency of older women. Based on the results, the linear regression equation variables seem suitable parameters for describing stepping patterns in older women. For all subjects, a strong linear relationship between step length and step frequency existed for walking at diVerent speeds. Sekiya and Nagasaki (1998) already demonstrated the test-retest reliability of the step length/step frequency-ratio in young adults and suggested the ratio as a reliable measure for evaluating aging walking patterns. The results of the present study demonstrate that aging processes per se do not inXuence the relationship between step length and step frequency. Changes in the step length-frequency relationship may therefore be useful in identifying pathological gait.
Conclusion
The results of the present study do not indicate systematic changes of the step length-frequency relationship with age in physically active community-dwelling older women. Even in complex situations in which one or more tasks are to be performed simultaneously during walking, older women of diVerent ages do not diVer in multiple task interference eVects on the step length-frequency relationship. Thus, the results imply that aging processes per se are not responsible for the tendency of some older women to walk with reduced step length, or to walk with longer periods of double limb support in attempting to reduce the balancecontrol challenge during walking.
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